Dinitrogen pentoxide (N2O5) plays a central role in nighttime tropospheric chemistry as its formation and subsequent loss in sink processes limits the potential for tropospheric photochemistry to generate ozone the next day. Since accurate observational data for N2O5 are critical to examine our understanding of this chemistry, it is vital also to evaluate the capabilities of N2O5 measurement techniques through the co-deployment of the available instrumentation. This work compares measurements of N2O5 from two aircraft instruments 
Introduction
Dinitrogen pentoxide (N2O5) is an important nighttime oxide of nitrogen in both the stratosphere and troposphere. 1, 2 Nighttime production of N2O5 has a significant impact on the lifetime of NOx, enabling N2O5 to act as a nighttime sink of NOx or a reversible storage of NOx allowing possible transport. 3 Furthermore, it also has a major impact on the formation of NO3, the main tropospheric nighttime oxidant. Formation of N2O5 in the stratosphere limits understanding of the processes affecting O3 formation and air quality, it is necessary to improve the understanding of the atmospheric cycle of N2O5 and NO3 through its formation, loss, spatial variability and role in the regulation of NOx and budgets of VOCs.
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NO3 is formed through the reaction of O3 and NO2, which can then further react with NO2 to form N2O5. N2O5 is in thermal equilibrium with NO3 which is typically established in a few minutes in the atmosphere. NO3 and its equilibrium partner N2O5 are only abundant at night due to the rapid daytime photolysis of NO3; j (NO3) will vary during the day, season and latitude of course but a typical daytime value is (0.2 s -1 ). 11 NO3 and N2O5 are also suppressed in the presence of fresh pollution sources because NO3 undergoes a fast reaction with NO. N2O5 mixing ratios can build up during the night reaching maximum concentrations of a few ppbv. 12, 13 N2O5 acts as a sink for NOx in the troposphere through its reaction with water to produce nitric acid (HNO3).
14,15
Therefore, the nighttime oxidative capacity of the troposphere and NO3 availability is partially dependent upon the hydrolysis of N2O5. The removal of NO3 and N2O5 via reaction (4) directly impacts the production of daytime oxidants such as OH and O3. The relationship between NOx availability and tropospheric O3 production rates is complex, but the hydrolysis of N2O5 is thought to decrease O3 concentrations in low NOx conditions and increase O3 in high NOx regions. 16, 17 N2O5 also affects the tropospheric aerosol budget as the nitric acid produced, via its hydrolysis, partitions to the aerosol phase at low temperatures or in regions of excess ammonia. 18, 19 N2O5 can also be directly taken up on particles or fog droplets resulting in a production of dissolved nitrate. 20 The aerosol budget is a significant area of uncertainty 21 and its impact on regional air quality and climate is difficult to quantify. [22] [23] [24] Additionally, the uptake co-efficient for N2O5 is rather variable, depending on aerosol composition and meteorological conditions. 25, 26 Recent studies have shown heterogeneous chemistry of N2O5 on chloride containing aerosols efficiently releases chlorine radicals to the atmosphere via the formation and subsequent photolysis of ClNO2
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The first measurements of NO3 in the troposphere using differential optical absorption spectroscopy DOAS 27 were followed by a wide range of ground-based studies investigating the role of NO3 in polluted and clean tropospheric environments. 28, 29 The measurement of N2O5 during these DOAS studies was not possible as it does not absorb at any convenient wavelengths. Techniques for measuring NO3 were then adapted to infer N2O5 concentrations by forcing the thermal equilibrium between NO3 and N2O5 to favour the detectable NO3 species. Optical absorption within high-finesse cavity techniques 30, 31 , ionisation mass spectrometry 32 13 and builds on our previous work measuring NO3 and N2O5 by BBCEAS in the marine boundary layer 44 and the polluted urban atmosphere. 45 Briefly, channels 1 and 2 of the BBCEAS instrument operated at red wavelengths to target N2O5 and NO3 respectively, and channel 3 operated at blue wavelengths to target NO2. The BBCEAS instrument sampled air through two rear facing inlets situated on the fuselage of the FAAM BAe-146 aircraft. The flow through the first inlet (50 litres per minute) was divided between channels 1 and 2. Prior to entering the cavity of channel 1, the air flow passed through a preheater at 120C to thermally decompose N2O5 in the sample into NO3 and NO2
with an efficiency of >99.6% for the range of inlet air temperatures and NO2 mixing ratios encountered during RONOCO flights. The NO3 produced from N2O5 decomposition, plus any ambient NO3, was quantified via the 662 nm absorption band of NO3 inside the cavity of channel 1. The cavity was held at 80C to prevent the recombination of NO3 with NO2. The same 662 nm absorption band was used to measure ambient NO3 in channel 2, the cavity of which was maintained close to the air temperature outside the aircraft in order to minimise any perturbation of the NO3/ N2O5 equilibrium. This thermal stabilisation was achieved by flowing ambient air sampled through the instrument's second inlet through a sheath surrounding the cavity. The N2O5 concentration was thus calculated from the difference 6 between the NO3 signals recorded in the heated and ambient temperature cavities. The concentrations of N2O5 and NO3 were corrected for the measured losses of these species in the inlet and on the walls of channels 1 and 2.
The gas flow exhausted from the cavity of channel 2 was then passed into the cavity of channel 3 wherein NO2 was quantified via its highly-structured absorption features between 440 and 480 nm. Excellent agreement was obtained between the NO2 measurements from the BBCEAS instrument and from a commercial, photolytic converter chemiluminescence (CL) detector on board the FAAM BAe-146 aircraft 1 . Typical 1σ detection limits of the BBCEAS instrument were 2.4 pptv for N2O5 and 1 pptv for NO3 (1 s measurements), and 10 pptv for NO2 (10 s measurements).
CIMS instrument
The CIMS technique has been implemented for field measurements of gaseous species since 48 and Le Breton et al. (2012) . 49 The schematic in figure 1 shows the set up used and operating conditions of the CIMS on board the airborne platform FAAM BAe-146 research aircraft. Arrows indicate direction of gas flow. Dimensions are not to scale.
Inlet and ionisation
The CIMS is fitted with two identical inlets, one for background measurements and one for sampling. They consist of 6 cm OD diameter PFA tubing of length 580 mm and are heated to 50 ⁰ C to reduce surface loss. A 3-way valve is used to automate switching between measuring the ambient atmospheric air and the background line which passes the ambient air through and acid scrubber, removing all acids and N2O5 from the flow. allow the species of interest in the air sample to be detected.
Ion filtration and detection
The ions then passed through a pinhole of a charged plate, which entered the mass spectrometer section of the instrument, i.e. the first octopole ion guide chamber which is the collisional dissociation chamber (CDC). Here, weakly-bound ion-water clusters are broken up to simplify the resultant mass spectrum. Inside the CDC, the pressure was 0.25 Torr and the local electric field divided by the gas number density (E/N) was 180 Townsend (Td = 
Ionisation scheme
The ion-molecule chemistry using iodide ions (I -) for trace gas detection has been described confirm an interference at mass 62 by NO3 is not observed, deeming the system in this setup is unable to detect NO3.
A gas mixture of methyl iodide (CH3I) and H2O in N2 is used to obtain reagent ions I -and water clusters I -.H2O. The mix was produced using a manifold by evaporating the liquid deionised H2O and CH3I sequentially into the manifold to reach the following partial pressures of 10 Torr H2O and 15 Torr CH3I. Nitrogen was then added up to 5 bar to make an ionisation gas mixture of 0.39 % CH3I and 0.26 % H2O. CH3I ( 99.5 %) was purchased from Sigma Aldrich and used as provided.
N2O5 and HNO3 were ionised by through the I -ionisation scheme via reactions (5) and (6); 
Calibrations
The CIMS was unable to be calibrated for N2O5 during the RONOCO campaign, therefore a single BBCEAS data point was taken to estimate sensitivity of the CIMS to N2O5. The formic acid calibration for this flight was then used to calculate the relative sensitivity ratio, allowing the campaigns formic acid calibrations to determine the CIMS sensitivity towards N2O5.
Airborne formic acid calibrations have been well developed for operation of this CIMS and are performed in-flight and post flight as described in Le Breton et al. (2012 Breton et al. ( , 2013 . 49,50 N2O5
was calibrated in the laboratory after the campaign by producing a known concentration of N2O5 as described later and simultaneously calibrating the instrument for formic acid. A linear relationship was found for formic acid and N2O5 sensitivities. Figure 4 shows how the CIMS sensitivity to formic acid and N2O5 increase linearly.
3.0x10 N2O5 was produced by the reaction between NO2 and O3. O3 was generated by allowing dried oxygen to flow through a silent discharge ozone generator (Argentox). Ozonised oxygen was allowed to flow through NO2, frozen down in a Pyrex trap and warmed to room temperature at atmospheric pressure. The flow passed through a Pyrex mixing volume of 5 litres and a Pyrex trap held at 195 K to collect the N2O5 and any unreacted NO2. As the first trap empties, the flow of ozonised oxygen is reversed and the second trap, now containing mostly N2O5 was allowed to warm, as the trap initially containing NO2 is cooled to 195 K. The flow is reversed several times to purify the N2O5. Water vapour was excluded from the glassware by purging the system with O3 and oxygen for ten minutes before use. The N2O5 collected was stored under vacuum at 77 K until used for calibrations.
The N2O5, maintained at 195K, was then introduced to the CIMS and detected at m/z 62. The inlet was split to allow a flow to be diverted to a NOx analyser. As the inlet is heated, all N2O5 is thermally decomposed producing NO2 and NO3. The concentration of N2O5 is calculated assuming 100% efficiency of the heater to decompose the N2O5 to NO2, detected by the NOx analyser. The signal in the CIMS decreased to background count levels as soon as the inlet is heated, confirming full thermal decomposition of N2O5 and also no interference at this mass by NO3. 
FAAM BAe-146 onboard instruments
In addition to the N2O5 data from the BBCEAS and CIMS, NO2 measurements are used in this analysis. Nitric oxide (NO) and nitrogen dioxide (NO2) were measured using separate channels of a photolytic "blue light" converter chemiluminescence detector and were reported every 1 second with an uncertainty of ± 6% ppbv 51 Ozone was measured using a UV Photometric Ozone Analyser at 1 Hz with an uncertainty of 15 ±3 ppbv. 52 The FAAM core GPS-aided inertial Navigation system is also used to provide altitude, longitude and latitude.
RONOCO 2010 and 2011 campaign
The The concentrations measured and statistics reported here are at 1 Hz for both instruments.
Results

Overall comparison
The CIMS sensitivity is calculated as the average sensitivity for the 8 flights presented here.
The average sensitivity was 52 ± 2 ion counts pptv -1 s -1
, with a limit of detection of 7.8 pptv, calculated as 3 standard deviations above the background counts, and a total measurement error of 19%. The BBCEAS sensitivity was calculated in Kennedy et al. (2011) 13 to be 2.4 pptv for 1 Hz data. Good agreement was obtained between the N2O5 measurements using both CIMS and BBCEAS for the 8 flights presented here (top panel of Fig 5) . The linear regression exhibits a line of best fit with a correlation coefficient R 2 = 0.89. The agreement between the CIMS and BBCEAS measurements varies from flight to flight as shown in figure   7 and Table 1 . Flight B566 has the highest R 2 value of 0.98, whereas as flight B537 has the lowest R 2 of 0.74. This non linearity may be a result of the difference in the instruments method of concentration retrieval. Spectral techniques can be impeded by pressure broadening and interference by water. However the CIMS sensitivity depends on I.H2O counts, which may decrease at high N2O5 concentrations as shown in figure 3 . The mean N2O5 mixing ratio over the 8 flights presented in this work was 114 pptv for CIMS and 115 pptv for BBCEAS. Maximum concentrations reported by the CIMS and BBCEAS were 890 ± 133 pptv and 1007 ± 141 pptv respectively, although these peak concentrations do not originate from the same air mass. These maxima were intercepted during measurements of the London plume travelling North East over the North Sea, but the BBCEAS maxima was reported during flight B534, whereas the CIMS report the measurement during flight B565. Both instruments observe a sharp decrease in N2O5 concentration to 100 pptv at 820 metres.
An increase again is observed steadily to 300 metres where the CIMS and BBCEAS record concentrations of 512 and 392 pptv respectively. Both instruments observe a very similar drop above this altitude to very small N2O5 concentrations (15 pptv) above 1500 metres.
If it is assumed that nitric acid is produced by the hydrolysis of N2O5, correlations to the nitric acid profile can aid a comparison between the instruments. Both instruments profiles show a very similar structure to that of nitric acid, although rapid decreases in nitric acid at 200 metres and 1200 metres are not observed in either N2O5 measurements. Further analysis using the steady state approximation is presented in a later section.
Comparison as a function of NO2
NO2 plays a key role in nighttime chemistry as it is a primary reactant to N2O5 formation; therefore it is useful to observe NO2 concentrations at the same time as N2O5 measurements to understand the N2O5 formation and trends. Figure 9 shows the NO2 data correlated with and O3, together with the rate coefficients taken from laboratory studies, with the measured data produces good agreement in general (figure 11). When one includes the combined uncertainties in rate coefficients and species measurements to derive a lower and upper limit for the steady state analysis, these limits easily bracket the measured data. The dataset splits into two regions, one where nighttime NO is large such that NO3 loss is large via reaction (7).
Here, N2O5 levels cannot build to high levels and is in keeping with the study by Zheng et al.,(2008) . 54 These workers studied NO3 and N2O5 vertical profiles during the Milagro campaign over Mexico City and concluded that nighttime NO levels were large and led to a suppression of both species. Alternatively if NO2 production rate dominates, equation III can be simplified to equation IV which further simplifies to equation V (and is in keeping with the linear correlation between N2O5 and NO2. minutes. Assuming that all the N2O5 lost produces gas phase HNO3 (unlikely as one would imagine that a substantial fraction will be incorporated onto aerosol) leads to an upper limit production rate of HNO3 ~ 30 ppt min -1 . Although we note that this is an upper limit, it compares with a typical production rate during daytime through the reaction between OH and measurements helped validate the N2O5 plumes detected during the campaign and transition from day to night chemistry. These results show that CIMS and BBCEAS techniques can be applied to precise and rapid measurements of N2O5 on an aircraft.
